Abstract: Recent data on e + andp cosmic rays indicate that dark matter annihilate into the standard model (SM) particles through new leptophilic interaction. In this paper, we consider a standard model extension with the gauged U (1) Lµ−Lτ group, with a new Dirac fermion charged under this U (1) as a dark matter. We study the muon (g − 2) µ , thermal relic density of the cold dark matter, and the collider signatures of this model. Z ′ productions at the Tevatron or the LHC could be easily order of O(1) − O(10 3 ) fb.
Introduction
The Standard Model (SM) should be extended in order to accommodate the nonbaryonic cold dark matter (CDM) of the universe. There are many options for cold dark matter candidates in particle physics models: axion, neutralino or gravitino LSP, LKP, and lightest particle in a hidden sector, to name a few. However, we do not have enough information on the detailed nature of CDM, except that Ω CDM h 2 = 0.106 ± 0.008 [1] . More information from direct and indirect dark matter searches and colliders are indispensable for us to diagnose the particle identity of the CDM, namely its mass and spin and other internal quantum number(s).
Recently, PAMELA reported a sharp increase of positron fraction e + /(e + + e − ) in the cosmic radiation for the energy range 10 GeV to 100 GeV [2] , and no excess inp/p [3] from the theoretical calculations. Cirelli et al. [4] performed a model independent study of the data from PAMELA, HEAT [5] , AMS-01 [6] , PPB-BETS [7] and ATIC-2 [8] on e ± andp cosmic ray spectra that might be coming from DM annihilations. Their results show that there are two alternative solutions:
• DM should be heavier than about 10 TeV or so, and annihilate only into W, Z or h.
• DM with mass about 1 TeV should annihilate only into SM leptons.
The first option is disfavored if the e + + e − excess seen by the balloon-borne experiments like ATIC and PPB-BETS are considered seriously. The second option is probably less plausible from the view point of model building and grand unification. However it is still phenomenologically viable option, and we have to verify or falsify this class of models by comparing the predictions with the data. In this paper, we pursue the second option, by constructing an explicit model and working out the physical consequences in detail.
There are already many papers available studying the implications of the PAMELA data in different models and/or context [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38] .
The simplest model for the leptophilic (or hadrophobic) gauge interaction is to gauge the global U (1) Lµ−Lτ symmetry of the standard model (SM), which is anomaly free [39, 40, 41, 42] . Within the SM, there are four global U (1) symmetries which are anomaly free:
One of these can be implemented to a local symmetry without anomaly. The most popular is the U (1) B−L , which can be easily implemented to grand unified theory. Two other symmetry involving L e are tightly constrained by low energy and collider data. On the other hand, the L µ − L τ symmetry is not so tightly constrained, and detailed phenomenological study is not available yet. Only the muon (g − 2) µ and the phenomenology at muon colliders have been discussed [42] . This model can be extended by introducing three right-handed neutrinos and generate the neutrino masses and mixings via seesaw mechanism [40] . Also U (1) Lµ−Lτ can be embedded into a horizontal SU (2) H [40] acting on three lepton generations. This may be related with some grand unification.
In this paper, we extend the existing U (1) Lµ−Lτ model by including a complex scalar φ and a spin-1/2 Dirac fermion ψ D , with U (1) Lµ−Lτ charge 1. There is no anomaly regenerated in this case, since we introduced a vectorlike fermion. The complex scalar φ gives a mass to the extra Z ′ by ordinary Higgs mechanism. And the Dirac fermion ψ D plays a role of the dark matter, whose pair annihilation into µ or τ explains the excess of e + and nop excess as reported by PAMELA [2, 3] . Then we study the phenomenology of the U (1) Lµ−Lτ model with Dirac fermion dark matter in detail. In Sec. 2, we define the model and discuss the muon (g − 2) µ in our model. In Sec. 3, we calculate the thermal relic density of the CDM ψ D , and identify the parameter region that is consistent with the data from cosmological observations. In Sec. 4, we study the collider signatures of the model at various colliders (Tevatron, B factories, LEP(2), the Z 0 pole and LHC), including production and decay of Z ′ and Higgs phenomenology. Then our results are summarized in Sec. 5. We note that this model was discussed briefly in Ref. [4] in the context of the muon (g − 2) µ and the relic density. In this paper, we present the quantitative analysis on these subjects in detail, as well as study the collider signatures at colliders.
Model and the muon (g − 2) µ
The new gauge symmetry U (1) Lµ−Lτ affects only the 2nd and the 3rd generations of leptons.
We assume l 
The model lagrangian is given by
In general, we have to include renormalizable kinetic mixing term for U (1) Y and U (1) Lµ−Lτ gauge fields, which will lead to the mixing between Z and Z ′ . Then the dark matter pair can annihilate into quarks through Z − Z ′ mixing in our case, and thep flux will be somewhat enhanced, depending on the size the Z − Z ′ mixing. However, electroweak precision data and collider experiments give a strong constraint on the possible mixing parameter, since the mixing induces the Z ′ coupling to the quark sector. Furthermore, if one assumes that the new U (1) Lµ−Lτ is embedded into a nonabelian gauge group such as SU (2) H or SU (3) H , then the kinetic mixing term is forbidden by this nonabelian gauge symmetry [40] . In this paper, we will assume that the kinetic mixing is zero to simplify the discussion and to maximize the contrast between the positron and the antiproton fluxes from the dark matter annihilations. In this model, there are two phases for the extra U (1) Lµ−Lτ gauge symmetry depending on the sign of µ 2 φ : • Unbroken phase: exact with φ = 0, µ 2 φ > 0 and M Z ′ = 0,
• Spontaneously broken phase: by µ 2 φ < 0, nonzero φ ≡ v φ = 0, and M Z ′ = 0 In the unbroken phase, the massless Z ′ contribute to the muon (g − 2) µ as in QED up to the overall coupling:
Currently there is about 3.4σ difference between the BNL data [43] and the SM predictions [44] in (g − 2) µ :
The ∆a µ in (2.4) can explain this discrepancy, if α ′ ∼ 2 × 10 −8 . However, this coupling is too small for the thermal relic density to satisfy the WMAP data. The resulting relic density is too high by a several orders of magnitude. Also the collider signatures will be highly suppressed. Therefore we do not consider this possibility any more, and consider the massive Z ′ case (broken phase) in the following.
In the broken phase, it is straightforward to calculate the Z ′ contribution to ∆a µ . We use the result obtained in Ref. [42] :
The second approximate formula holds for m µ ≪ M Z ′ . In Fig. 1 , shown in the blue band is the allowed region of M Z ′ and α ′ which is consistent with the BNL data on the muon (g − 2) µ within 3 σ range. There is an ample parameter space where the discrepancy between the BNL data and the SM prediction can be explained within the model. The relic density of CDM (black), the muon (g − 2) µ (blue band), the production cross section at B factories (1 fb, red dotted), Tevatron (10 fb, green dotdashed), LEP (10 fb, pink dotted), LEP2 (10 fb, orange dotted), LHC (1 fb, 10 fb, 100 fb, blue dashed) and the Z 0 decay width (2.5 ×10 −6 GeV, brown dotted) in the (log 10 α ′ , log 10 M Z ′ ) plane. For the relic density, we show three contours with Ωh 2 = 0.106 for M ψD = 10 GeV, 100 GeV and 1000 GeV. The blue band is allowed by ∆a µ = (302 ± 88) × 10 −11 within 3 σ.
Dark matter
The Dirac fermion ψ D can play a role of the CDM. In our model, thermal relic density of the CDM in our model is achieved through the DM annihilations into muon or tau leptons or their neutrinos:
with l = µ or τ . We modified the micrOMEGAs [45] in order to calculate the relic density of the U (1)−charged ψ D CDM. It is easy to fulfil the WMAP data on Ω CDM for a wide range of the DM mass, as shown in Fig. 1 in the black curves which represent constant contours of Ωh 2 = 0.106 in the (M Z ′ , α)-plane for M ψ D = 10, 100, 1000 GeV from below. We can clearly see the s−channel resonance effect of
TeV, α 10 −3 and 100 GeV M Z ′ 1 TeV, both the relic density and ∆a µ can be easily satisfied while escaping the current collider searches. This parameter space, however, can be probed by the LHC. These issues are covered in the following section.
There would be no signal in direct DM detection experiments in this model, since the messenger Z ′ does not interact with electron, quarks or gluons inside nucleus. Also we do not expect any excess in the antiproton flux in cosmic rays in the indirect search for CDM. On the other hand, there could be excess in the positron signal consistent with the PAMELA positron excess in our model.
Collider Signatures
New particles in this model are Z ′ , s (the modulus of φ) and ψ D , and they couple only to muon, tau or their neutrinos. Let us discuss first the decay of Z ′ gauge boson and its productions at various colliders, and then Higgs phenomenology in our model. In the broken phase with M Z ′ = 0, Z ′ can decay through the following channels:
if they are kinematically allowed. Since these decays occur through U (1) Lµ−Lτ gauge interactions, the branching ratio is completely fixed once particle masses are specified. In particular,
And the total decay rate of Z ′ is approximately given by
if the channel Z ′ → ψ DψD is open (or closed). Therefore Z ′ will decay immediately inside the detector for a reasonable range of α ′ and M Z ′ . Z ′ can be produced at a muon collider as resonances in the µµ or τ τ channel [42] via
The LHC can also observe the Z ′ which gives the right amount of the relic density as can be seen in Fig. 1 . Its signal is the excess of multi-muon (tau) events without the excess of multi-e events.
The dominant mechanisms of Z ′ productions at available colliders are
There are also vector boson fusion processes such as
and the channels with µ → τ . We will ignore these vector boson fusion channels in this paper, since their contributions are expected to be subdominant to theor e + e − annihilations. In Fig. 1 , we present the Z ′ production cross sections at B factories, Z 0 pole, LEP(2), Tevatron and LHC. We find that the light M Z ′ region that can accommodate the muon (g − 2) µ is almost excluded by the current collider data. The remaining region can be covered at the LHC with high integrated luminosity 50 fb −1 .
The signatures of Z ′ will be an s−channel resonance in the dimuon invariant mass spectrum, or its deviation from the SM predictions as in Drell-Yan production of the muon pair. Therefore one could expect that the number of multi-muon events at colliders is enhanced compared with the SM predictions. The e + e − channel will be diluted compared with the µ + µ − channel, since the e + e − final state in the Z ′ decay can appear only through the Z ′ decay into a tau pair and τ → eνν in this model. Now let us discuss the Higgs phenomenology in our model. In general, there can be a mixing between the SM Higgs boson h SM and a new scalar s (the modulus of φ) due to the λ Hφ coupling in (2.3). As a consequence, the Higgs searches at colliders can be quite different from those of the SM. For example, one can imagine
DψD . This is an additional contribution to the Z ′ production at the LHC. We did not include the Z ′ pair production through gluon fusion in Fig. 1 . In any case, the generic collider signatures of the new Z ′ are the excess of multi-muon or tau events, compared with the SM. It is strongly desirable to search for µµµµ, τ τ τ τ , or µµτ τ events at LEP, LEP2, Tevatron and at the LHC.
We parametrize the mixing of h SM and s by an angle α:
where H 1(2) denotes the lighter (heavier) mass eigenstate of two scalars. We also introduce the angle β so that the ratio of two scalar VEV's is given by tan β = v φ /v h SM . In Fig. 2 , we show the branching ratios (BRs) of the two-body decay modes of H 1,2 . We fixed M Z ′ = 300 GeV. We also fixed M H 2 = 700 GeV (M H 1 = 150 GeV) for the plots of the H 1 (H 2 ) decay [ the left (right) column ]. The modes H 1,2 → Z ′ Z ′ (solid blue) and H 2 → H 1 H 1 (solid green) which are absent in the SM Higgs decay can dominate for large α and small tan β. Therefore we can see quite exotic Higgs signatures at the LHC.
Conclusions
In this paper, we considered a leptophilic model with extra U (1) Lµ−Lτ gauge symmetry which is one of the anomaly free global symmetry in the SM. We have introduced a new complex scalar φ and Dirac fermion ψ D charged under the new U (1). The U (1) charged Dirac fermion can be a good CDM that might explain the positron excess reported by HEAT and PAMELA, without producing excess in antiproton flux as observed by PAMELA. This model is constrained by the muon (g − 2) µ and the collider search for a vector boson decaying into µ + µ − at the Tevatron, LEP(2) and B factories. The collider constraints We also fixed M H2 = 700 GeV (M H1 = 150 GeV) for the plots of the left (right) column.
favors ψ DM heavier than ∼ 100 GeV. We calculated the relic density of the CDM with these constraints, and still find that the thermal relic density could be easily within the WMAP range. We also considered the production cross section of the new gauge boson Z ′ at the LHC, which could be 1 fb -1000 fb. This is clearly within the discovery range at the LHC with enough integrated luminosity 50fb −1 . It is remained to be seen whether there are excess in the multimuon events at the Tevatron or at the LHC.
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